Water velocity and density profiles were obtained in late-spring and late-winter to document reversing mean circulation patterns at the entrance to a semiarid coastal lagoon, the Bay of Guaymas, in the Gulf of California, Mexico. The lagoon is shallow but the bathymetry at its entrance is similar to that of temperate estuaries with an asymmetrically positioned channel flanked by shoals. In late-spring the mean circulation at the entrance to the lagoon was driven by horizontal density gradients that arose from excess evaporation over precipitation in the area as evidenced by water density profiles. The lagoon exported relatively warm (25·8 C) and salty (36·2) water to the Gulf of California through the channel. This export was consistent with inverse estuarine circulation influenced by bathymetry. In late-winter, the circulation at the entrance of the lagoon was mostly driven by wind stress that blew from the northwest, roughly along the main axis of the lagoon. Relatively cool (16·0) C) and less salty (35·1) water from the Gulf of California was driven into the lagoon within the channel. Density gradients inside the lagoon seem to have played a secondary role in driving the circulation. The late-winter circulation was then estuarine-like, with outflow in the direction of the wind over the shallow areas and a compensatory inflow appearing in the channel as expected from theory of wind-driven flow over bathymetry. This estuarine-like circulation developed despite the lack of measurable freshwater input to the lagoon and was the opposite to that observed in late-spring. These observations then document a reversal in water exchange patterns from season to season in a semiarid coastal lagoon. The observations also constitute one of the few reported examples of flow over shoals driven in the same direction as the wind stress with a compensatory flow in the channel.
Introduction
Semiarid coastal lagoons, like the Bay of Guaymas, Mexico (Figure 1 ), are often dominated by evaporative processes because annual precipitation is low (typically <300 mm). The predominance of evaporation should induce inverse estuarine conditions in these coastal lagoons. However, these lagoons may receive seasonal inputs of freshwater that could transform their hydrodynamic regime to that of a typical estuary. This transformation of regimes would be analogous to that of embayments with Mediterranean climate (Largier et al., 1996; Largier et al., 1997) . In Mediterranean climates, most of the precipitation occurs in the winter whereas in semiarid areas most precipitation typically concentrates in the summer months owing to the passage of tropical weather systems. Overall, however, the precipitation that affects the coastal lagoons of semiarid regions is less than that in Mediterranean regions. Because of the generally weak freshwater influences on these lagoons, the hydrodynamics may also be influenced by seasonal wind patterns or atmospheric cooling/heating cycles. For example, winter cooling may cause appreciably higher densities of the water in the coastal lagoon, due to their relative small volumes, and produce inverse estuarine conditions. Despite their obvious potential for reversal in hydrodynamic regimes, semiarid coastal lagoons have received little attention. The objective of this investigation is to document reversing hydrodynamic regimes in a coastal lagoon during two different times of the year. This is achieved through examination of the alonglagoon distribution of hydrographic properties and through analysis of the net exchange flows measured with an acoustic Doppler current profiler at the entrance to Guaymas Bay in the Gulf of California, Mexico.
In addition to the scientific relevance of documenting the reversal of hydrodynamic regimes it is necessary to understand the circulation patterns of coastal lagoons like this one in order to adequately manage their natural resources and their water quality. Of particular importance is the consequence of discharging a buoyant effluent into an inverse estuarine regime in which near surface waters tend to remain within the system instead of being flushed out of it. This study serves as baseline to help understand the hydrodynamic conditions that should be expected in this and other lagoons with similar hydrographic characteristics.
Study area
The Bay of Guaymas, Mexico, is an inlet and lagoon system centred at 27·92 N in the semiarid region of the state of Sonora, Mexico, roughly in the middle of the mainland side of the Gulf of California (Figure 1 ).
The lagoon harbours a sizable fishing fleet and other commercial vessels. The lagoonal system features an inlet linking two lagoons, one stemming to the northeast, Empalme Lagoon, and the other to the west, Guaymas Lagoon. The inlet connects the two lagoons to the Gulf of California in a NW-SE orientation. It is 1·4 km across the entrance and 1 km in the along-lagoon direction. The inlet itself is where the present study concentrates. The area of the entire coastal lagoon is 25 km 2 with 15 km 2 corresponding to the Empalme Lagoon and 6 km 2 to the Guaymas Lagoon. The average depth of the inlet-lagoons system is 2 m with the Empalme Lagoon being shallower than the Guaymas Lagoon. Several islands in the Guaymas Lagoon restrict the communication of its waters with those of the Gulf of California. The bathymetry of both lagoons roughly follows the coastline morphology and slopes gently. The inlet exhibits more abrupt bathymetry with an axial channel 13 m deep and 200 m wide that is maintained by dredging. The channel within the inlet bifurcates into a short portion of each lagoon to allow for docking and manoeuvring activities. This channel represents the main pathway between the waters from the lagoonal system and those from the Gulf of California.
The mean annual precipitation on the city of Guaymas is between 200 and 300 mm. Almost 70% of the annual rain falls in the months of July, August, and September owing to the southerly influence of tropical weather systems that pass near or over the southern end of the Gulf of California. Around 15% of the annual precipitation occurs in December due to the sporadic northerly influence of weather systems that affect Baja California and Southern California, which have a Mediterranean climate. The bulk of the remaining 15% of the annual precipitation appears in October, November and March. Mean annual evaporation in Guaymas is 3·25 m, which yields a net evaporation rate of 3 m per year (Roden, 1958; Bray, 1988) . In the middle region of the Gulf of California the net evaporation rate has been reported as 1 m per year (Castro et al., 1994; Beron-Vera & Ripa, 2000) . The seasonal variability of this rate is unknown and its determination should prove crucial for the understanding of the hydrodynamics of the Bay of Guaymas.
The weather systems that affect the area not only influence the precipitation patterns but obviously they also determine wind regimes. The cities of Guaymas and Empalme are generally dominated by a light to moderate sea breeze because of the rapid heating of the semiarid land during the day. The direction of the landward wind however changes with season. In latefall and winter, the landward wind is westerly to northwesterly and is more intense than in late-spring and summer because of the larger air-water temperature contrast. In late-spring and summer the landward wind of the breeze regime is southwesterly to westerly.
The tides in the lagoonal system of the Bay of Guaymas are mixed with a diurnal predominance (e.g. Figure 2 ). The tides exhibit a well-defined fortnightly modulation in which the tidal range during spring tides is 1·2 m and during neap tides is 0·3 to 0·4 m. For a linear, frictionless tidal wave, the amplitude of the tidal currents u 0 should equal aY /2A (e.g. Stigebrandt, 1977) , where a is the tidal range, Y is the surface area of the basin (2·5 10 7 m 2 ), A is the cross-sectional area at the entrance (6000 m 2 ) and is the frequency of the tidal forcing (2 /24 h). Thus, for spring tides u 0 should be 0·2 ms 1 and for neap tides it should be 0·06 ms 1 , which are similar values to the observations reported here. Before this study, there was no reported information on water column stratification in this system and the lagoon had been thought to be well mixed throughout the year due to its shallowness. This study represents the first effort in this area that depicts vertical profiles of hydrographic properties and of current velocities.
Data collection
A series of water density and velocity profiles were measured across the inlet (Figure 1 ) with a conductivity-temperature-depth (CTD) recorder and with a towed acoustic Doppler current profiler (ADCP). Each sampling period was 25 h long. Two periods were sampled in late-spring and two more in late-winter conditions. Ancillary tide and wind data were obtained from a local prediction and from a hand-held anemometer, respectively. The two latespring diurnal periods took place on 11-12 June and 14-15 June, 1999, around spring tides dominated by the diurnal tidal constituents (Figure 2 ). The two late-winter cruises were carried out around neaps on 23-24 February, 2000, influenced by mixed tides, and on 25-26 February, 2000, dominated by the diurnal constituents ( Figure 2 ). The purpose of the data collection was to repeat the transects as often as possible to capture the intratidal variability of the distribution of the flow and density fields in the area of study so that the mean or subtidal properties could be determined reliably. The duplicate experiment during each season was carried out to determine the consistency of the results from experiment to experiment. Time and resources limitations hindered sampling during consecutive spring-neap tides, which should be a worthwhile effort.
Each 25-h long sampling effort (for a total of four) consisted of continuous velocity measurements and station density profiles obtained with a 600 kHz Broad Band RD Instruments acoustic Doppler current profiler (ADCP) and a Sea Bird (SBE-19) conductivitytemperature-depth (CTD) recorder, respectively. One small boat (<10 m long) with an ADCP and one with a CTD ran together along the sampling track. The circuit of transects was traversed with the ADCP boat at speeds between 2 and 2·5 ms 1 (to ensure current velocity data quality) and completed in 1·25 h. This allowed between 20 and 22 repetitions of the circuit in each of the four cruises. The ADCP was mounted looking downward on a small (1·2 m long) catamaran and towed to the side of the boat. The instrument recorded velocity profiles at a rate of eight pings averaged over 30 s, which yielded a horizontal spatial resolution of 60 to 75 m. The bin size for vertical resolution was 0·5 m, and the closest bin to the surface was located at 1·3 m. Compass calibration and data correction were performed following Joyce (1989) . Navigation was carried out with Global Positioning System (GPS).
A total of six CTD stations were sampled per circuit repetition, almost simultaneously to the times of the measurements of velocity profiles. Four stations were chosen to resolve the variability of the density field along the main channel and two additional stations were used to elucidate transverse variability and bathymetric effects across the lagoon. These data were processed with the software provided by the instrument's manufacturer (SEASOFT) and binned to 0·5 m vertical bins. This account concentrates exclusively on the hydrographic distributions at stations 1, 2, and 3 (Figure 1 ), along the axis of the inlet, and on the tidally averaged flow at the transect of the entrance to the inlet as the concern is with water exchange patterns.
Data description
The cruises in June were carried out during a diurnal breeze regime that peaked around 15-16 h local time at 2-4 ms from the south-southwest, i.e. into the lagoon, typical of late-spring and summer. Wind conditions at night were calm. The cruises in February were influenced by stronger sea breezes than in June and crested around 16-18 h local time at 7 ms 1 on the experiment of 23-24 February and at 9 ms 1 on the experiment of 25-26 February, in both occasions from the northwest, i.e. blowing out of the lagoon. These wind speeds and directions were also characteristic of winter and spring in the study area. Therefore, the wind may have been most influential to the water exchange patterns during the late-winter cruises because of its magnitude. The water density distribution inside the lagoon also should have affected the exchange patterns, most markedly in late-spring, as suggested by the hydrographic distributions obtained with the CTD.
Hydrographic distributions
During both seasons sampled, the water inside the lagoon was warmer than the water outside the lagoon, i.e. from the Gulf of California. This is evidenced by the fact that the water at station 1, at the entrance to the inlet, was consistently cooler than at station 3, one kilometre into the lagoon, throughout the water col- F 3. Mean temperature (a through d), salinity (e through h), and density (i through l) profiles at each of the 3 CTD stations at the inlet. Station 1 is at the mouth and Station 3 is further inside the Bay of Guaymas (see Figure 1 ).
vertical structure of these tidally-averaged temperature profiles was remarkably different from late-spring to late-winter. In late-spring, temperature decreased slightly with increasing depth and then it increased below 8 m. The origin of this warmer water must have been the shallow areas of the lagoon as heating was intense at this time of the year. The slope of the profiles in late-winter, in contrast, maintained its sign throughout the water column. Thus, exclusively from the temperature signal we may infer that warm water was being exported offshore in late-spring and that cool water was being imported into the lagoon in late-winter. This inference could be corroborated with the salinity profiles. During both seasons sampled, the water inside the lagoon was saltier than the water from the Gulf of California. Tidally-averaged salinities were consistently lower at station 1 than at station 3 throughout the water column [Figures 3(e) , (f), (g), (h)] with better defined horizontal gradients among stations in late-spring than in late-winter. A notable difference from season to season was the sign of the slope of the salinity profiles. At every station, tidally-averaged salinity increased with depth in late-spring and decreased with depth in late-winter. The relatively higher salinity water found near the bottom in latespring must have come from inside the lagoon and the relatively lower salinity found near the bottom in late-winter must have come from the Gulf of California. These distributions, together with the tidally averaged temperature profiles, suggested a near-bottom (at depths greater than 8 m) outflow of salty and warm water in late-spring, and the nearbottom inflow of less salty and cooler water in late-winter.
The profiles of tidally averaged water density ( t ) showed greater vertical stratification in late-spring than in late-winter [Figures 3(i) , (j), (k), (l)] as ) t /)z was noticeably greater. Also, the horizontal gradients from station to station were better defined in latespring than in late-winter. During the 11-12 June, 1999, cruise, the water at station 1 was evidently lighter than that at station 3 throughout the water column. This was not as clear on 14-15 June and definitely not the case during the late-winter cruises as there was not a distinct pattern of horizontal density gradients throughout the water column. In latespring, the density structure was dominated by salinity as temperature variations were small, whereas in latewinter salinity played a lesser role in the density field, which was reflected in weak vertical and horizontal gradients in t . This was seen quantitatively by comparing T/ z to S/ z, where , , T/ z, and S/ z are the thermal expansion coefficient, the haline contraction coefficient, the overall thermal stratification, and the overall salinity stratification, respectively. In June 1999, 5 m 1 and S/ z was 0·6 10 5 m 1 . The structure of the density field suggested that late-spring density gradients should have played a more relevant role than late-winter density gradients in shaping the patterns of the subtidal exchange flows in the Bay of Guaymas. This is explored next with the ADCP measurements.
Velocity patterns
The velocity data were rotated by 55 T to maximize the component perpendicular to the entrance of the inlet or principal-axis component. The principal-axis component was positive in the x or ebb direction, i.e. toward the ocean (Figure 1 ). The direction of minimum variability of the along-inlet tidal currents was in the y direction and positive toward 55 T. Instantaneous currents were relatively weak reaching maximum values of 30 cms 1 during the spring tides of June (Figures 2 and 4) . The intratidal variability of the currents was well correlated with sea level and exhibited a behaviour that resembled that of a standing wave, i.e. maximum currents appeared during the times of greatest sea level change as shown by the cross-sectional averages (dark circles in Figure 4 ). Figure 4 also shows the temporal resolution of the tidal current variability achieved by the measurement procedure. The experiments of June 1999 had a data gap, most noticeably on 15 June, related to power supply failures. This gap seemed to affect the representation of mean flows only on 15 June as this was the sole instance where there was some discrepancy between the mean flows and the subtidal results obtained from a fit of mean and tidal contributions to the observed flows (e.g. Valle-Levinson et al., 1998) . However, such differences were only in the details of the flows as the patterns of inflows/ outflows remained the same. These patterns are illustrated next.
The mean flow observed during the four cruises indicated that late-spring exchange patterns in the Bay of Guaymas were as those expected from an inverse estuary whereas the late-winter patterns resembled those of a normal estuary even though the freshwater contributions to this lagoon are negligible. These patterns confirmed the inferences made from measurements of temperature, salinity, and density. The cruises in June showed outflow restricted to the channel (the deepest parts of the inlet) and with greatest magnitude at depth, and inflow over the shallow portions of the entrance ( Figure 5 ). Although the outflow did not reach the surface in the channel, the surface inflow was markedly weakened over this area, showing the importance of bathymetry ( Figure  6 ). Also, the mean flow over the shallow part to the north of the entrance had a stronger transverse component than in the channel. This suggested that the inflow was mostly coming around the northern point at the entrance to the lagoon (Figure 6 ).
The exchange pattern observed was qualitatively consistent with the transverse structure of the theoretically derived density-induced flow that would develop over a channel flanked by shoals (e.g. Wong, 1994; Friedrichs & Hamrick, 1996) but for a density field that decreases seaward. The exchange pattern was also consistent with the tidally induced residual (or tidally rectified) flow over this bathymetry (Li & O'Donnell, 1997; Friedrichs & Hamrick, 1996) , and also consistent with the wind-induced exchange flow over this bathymetry (e.g. Hearn et al., 1987; Signell et al., 1990; Wong, 1994; Friedrichs & Hamrick, 1996) . These three forcings, density gradients, tides and wind, must have acted in concert to produce the exchange pattern observed. The contribution of the density gradient to the momentum balance may be scaled from the baroclinic pressure gradient term as g H/L, where g is the acceleration due to gravity (9·8 ms 2 ); is the density of seawater (1024 kg m 3 in this area), x is the direction perpendicular to the entrance to the lagoon, positive seaward; z is the vertical direction, positive upward; g is reduced gravity that equals g / ; H is a typical vertical length scale; and L is a typical horizontal length scale. The contribution of the tides, through tidal rectification, to the momentum balance may be 3 for wind speeds less than or equal to 10 ms 1 (Large & Pond, 1981) ] is a dimensionless drag coefficient.
The potential contribution to the mean flow of each forcing mechanism mentioned above is presented in Table 1 for the scaling parameters of the Bay of Guaymas during each of the four cruises. Table 1 indicates that the mean flow of the late-spring cruises was mostly influenced by density gradients and to a lesser extent by wind stress. The density-induced Wong, 1994) , where H 0 is the maximum depth, 0 is a reference density, and A z is the kinematic vertical eddy viscosity. Taking g=9·8 m s 2 , 0 =1024 kg m 3 , H 0 =12 m, A z =5 10 4 m 2 s 1 , and ) /)x=0·05/1000, then u d would equal 0·03 ms 1 as observed in the channel. Theoretically, the transverse structure of the densityinduced flow would reflect maximum values in the channel. However, observed maxima appeared on inflow over the shoals, which may be attributed to wind forcing as suggested by scaling of the forcing mechanisms. It may also be attributed to the continuity constraint associated with the excess of evaporation inside the lagoon. The theoretical solution (Wong, 1994) assumes zero net volume flux and the observations indicated a net volume inflow of 5 m 3 s 1 that compensated for evaporative losses (which could be 0·01 md 1 ). Furthermore, it is noteworthy that the inverse estuarine pattern of water exchange was more robust during 11-12 June, 1999, than during 14-15 June, 1999. The differences between the two cruises in June may be attributed mainly to two factors. First, the density gradients perpendicular to the entrance were slightly weaker and less coherent throughout the water column on 14-15 June than on 11-12 June, which would cause weaker mean flows on June 14-15. Second, there was a 3 h-long gap in the data collection during the accelerating ebb stages [Figure 4(b) ] that could have caused underestimation of the means and a slight bias toward negative mean values as seen on Figure  5 (b). If there is an appreciable tidally induced fortnightly modulation of exchange flows in this area the patterns observed would not be appreciably modified.
It may be speculated that density-induced flows will be more robust in neap tides than during the spring tides that we observed because of decreased mixing during neap tides. Therefore, the exchange pattern that we observed (outflow in the channel and inflow over the shallow areas, consistent with inverse estuarine circulation) would be better supported.
In the late-winter cruise, the exchange pattern reversed and net inflow now appeared in the channel with greatest magnitude at depth (Figure 7) . This is typical of density-induced water exchanges in estuarine systems (e.g. Wong & Mü nchow, 1995; ValleLevinson & Lwiza, 1995; Friedrichs & Hamrick, 1996) . Although the magnitude of the density gradients suggested that they could have been influential to the water exchange in February (Table 1) , their horizontal structure was incoherent throughout the water column (Figure 3 ), which implied a weak contribution to the mean flows. Tidal rectification could not have influenced the water exchange patterns because it would produce opposite exchange patterns to those observed. In addition, tidal forcing was very weak during neap tides. The water exchange pattern then must have been dominated by wind stress, which induced stronger net inflows/outflows than in June. This was most evident on 25-26 February when the outflow was greater than on 23-24 February as the wind speed was higher. The greatest net outflows of the February cruises appeared towards the ends of the transect (Figure 8 ) with barely any outflow in the channel. This caused relatively large transverse shears in the flow perpendicular to the entrance. Net inflows were comparable on both February cruises although they were slightly weaker when the down-bay winds were stronger. This could have been due to remote forcing from the Gulf of California, which would cause flow in the same direction throughout the water column (Wong, 1994) . These results were obtained during neap tides but it may be hypothesized that the density-induced flows would be weaker in spring tides because of increased vertical mixing. The seasonal wind regime would not change from neap to spring tides and the wind-induced exchange pattern that we observed during neap tides would be consistent also during spring tides. However, the tidally induced residual flow (inflow over shoals/outflow in channels) would tend to oppose the pattern observed. Therefore, during this time of the year, mean flow (produced by density gradients, wind forcing and tidal rectification) might be reduced in magnitude in spring tides relative to neaps, but the basic pattern should not change.
A persistent feature of the flow in the channel during both June and February periods was the tendency of the net flow to be toward the right side of the channel relative to the direction of the flow (Figures 5 and 7) . In June, the outflow was stronger on the left (looking into the lagoon, Figure 5 ) and in February the strongest inflow appeared on the right side of the channel (Figure 7 ). This may be attributed to the effect of the Earth's rotation acting on the mean F 6. Vector representation of the mean flow at the mouth of the Bay of Guaymas for the experiments of June 1999. Vectors are plotted near the surface (1·5 m depth) and at levels with a depth interval of 2·5 m. Black arrows represent net inflow and white arrows denote net outflow. The bathymetry of the inlet is also shown for reference to the location of the deepest portion (darkest shades). flow as in the observations of Valle- Levinson and Lwiza (1995) and the numerical results of ValleLevinson and O'Donnell (1996) . Friedrichs and Hamrick (1996) noted a similar tendency for the flow to be toward the right, relative to its direction, but suggested that Coriolis accelerations played a minor role in causing this even though their results showed differences between simulations with zero and nonzero Coriolis accelerations. They considered these differences to be negligible. The evidence presented here strongly suggests that indeed Coriolis accelerations should be relevant as the maximum net flow changed position in the channel according to the direction of the mean flow.
The late-winter pattern of net flows going in the same direction as the wind over the shallow areas and against the wind in the channel agreed with the analytical solution of Wong (1994): that is plotted in Figure 9 for B, the distance from the deepest part of the channel to the coastline=1200 m, , which is where the solution predicts the appearance of the maximum net flow that opposes the wind. These observations differ qualitatively from Wong's solution only in the sense that the maximum flow that opposes the wind appears to the right of the greatest depth as mentioned above. This is one of the few examples where the transverse structure of the wind-induced exchange over a channel flanked by shoals has been observed throughout the water column. This can be attributed to the nearly-homogeneous water density and moderate wind forcing conditions that prevailed during the late-winter cruises.
The reversal of water exchange patterns in the Bay of Guaymas appears to bear important implications on the water quality of the system. During both late-spring cruises, floating material such as oily slicks and grease balls were evident on the water surface of the lagoon. This pollution was probably compounded by the observed inverse estuarine circulation that drove surfactants into the lagoon from factory effluents located outside (this was clearly observed from a mountain nearby) and that maintained surfactants discharged in the lagoon within the system. Latewinter conditions were dramatically different as no floating matter was visible. At this time of the year, the predominant near-surface outflow should have flushed surfactants out of the system.
Conclusions
The first study in the Bay of Guaymas that has elucidated the vertical structure of water velocity and density has also produced revealing results in terms of the water exchange patterns through the entrance to this coastal lagoon. In late-spring conditions, evaporation exceeded precipitation thus allowing a densityinduced flow that emulated an inverse estuary with net outflow in the channel and inflow over the shoals. In late-winter, the exchange pattern reversed and was mainly driven by wind forcing. Whether these exchange patterns are consistent in the summer, when precipitation increases and transitionally may exceed evaporation, and in late-fall to early-winter, when cooling may increase the density of the water inside the lagoon relative to the adjacent waters, remains to be elucidated. The fortnightly variability of these exchange patterns as well as the influence of remote forcing from the Gulf of California on the lagoon are also topics that remain unresolved. We hypothesize that this lagoon may in general behave like an inverse estuary both in the summer and in early-winter, with transitory reversals to estuarine conditions associated with precipitation events. Reversing water exchange patterns at the entrance to a semiarid coastal lagoon 837
